Introduction

52
Primary successional ecosystems, such as glacier forelands and volcanoes, are ideal models 53 for exploring the biological colonization of various substrates. Since the ice covers of many 54 glaciers have receded over the past century, glacier forelands have released substrates for soil 55 formation and development (Rangwala et al., 2012; Anesio et al., 2012) . In this process, new 56 bare lands have emerged because of glacial retreats, starting ecological succession towards a 57 zonal ecosystem. Autotrophic microbes play a critical role in the initial stages of primary 58 community assembly (Cavicchioli et al., 2002) . However, heterotrophic colonizers, decomposing 59 organic material, are also important in the initial establishment of functional communities 60 (Hodkinson et al., 2003) . Previous studies in this field have mainly focused on the diversity and 61 composition of the soil microbial community in the primary succession of receding glaciers 62 (Ambrosini et al., 2017; Fernández-Martínez et al., 2017) . Only a few studies have employed 63 molecular tools to understand the diversity and composition of the functional microbial 64 community along the forelands of receding glaciers (Kandeler et al., 2006; Töwe et al., 2010) . 65 For example, in a study about the activity and composition of the denitrifying bacterial 66 community at the Rotmoosferner Glacier, Austria, the successional age shaped the N cycling 67 processes as well as the microbial community composition (Nicol et al., 2010) . 68 The Gongga Mountain is a typical mountain glacier in southwest China and extremely 69 sensitive to climate change. The Hailuogou Glacier, located on the Gongga Mountain, has been 70 retreating continuously since the end of the Little Ice Age (LIA) (Li et al., 2018) with the 71 development of a soil and primary vegetation succession. Previous studies in this area have 72 investigated specific processes such as pedogenesis (He et al., 2008; Zhou et al., 2013) , plant 73 succession (Yang et al., 2014) , and microbial community changes (Sun et al., 2016) . However, to 74 date, there is no information on the density of the functional community involved in the 75 denitrifying process in the primary succession of the Hailuogou Glacier.
210 Biosystems, Inc.). The peak heights of terminal restriction fragments (T-RFs) with size 211 differences ≤ 2 bp in an individual profile were combined and considered to be one fragment. 212 The T-RFs with a relative abundance < 1% were excluded from further analysis (Zhang et al., 213 2017) . Principal components analysis (PCA) was performed to compare the dissimilarities 214 among the denitrifying communities across different successional stages, based on Bray-Curtis 215 dissimilarity. Correlation best-of-fit model for nosZ gene abundance and soil properties was 216 carried out by curve estimation in SPSS. Redundancy analysis (RDA) was performed to assess 217 the relationships between the nosZ denitrifying bacterial community composition and the soil 218 properties, using the software package CANOCO 5.0.
Results
220
Soil properties and denitrifying activities in different successional stages 221 Based on our results, the soil nutrient status changed substantially with primary succession 222 (Table 2) . Soil pH gradually decreased from the T0 (8.42) to the T3 site (7.19). Soil organic 223 carbon (SOC) was significantly higher in the T3 site (30.77 g·kg -1 ) than in the other sites. Soil 224 total nitrogen (TN) ranged from 0.29 to 1.11 g kg -1 . The siteT3 site had the highest 225 concentrations of soil total nitrogen (TN), while the lowest level was found in the site T0. Soil 226 available phosphorus (AP) varied from 0.98 to 5.54 mg kg -1 , with the highest value observed in 227 the T2 site and the lowest in the T0 site. Soil available potassium (AK) ranged from 13.60 to 228 120.80 mg kg -1 ; the highest concentration was observed in the T2 site and the lowest in the T0 229 site. Potential denitrifying activities ranged from 0.08 to 0.31 μg N 2 O-N g -1 dry soil h -1 . 230 Principal components analysis (PCA) was based on the analyzed soil properties of the four 231 different successional stages. The PCA ordinated samples along PCA1 (89.51% of variance) and 232 PCA2 (7.74% of variance), based on the successional stages. The soil micro-environment of the 233 sites T0 and T1 was similar, with significant differences compared to the other stages (Fig. 1) . 234 The nosZ denitrifying bacterial community abundance and diversity in different 235 successional stages 236 Soil nosZ gene copy numbers ranged from 4. 47 log 10 per gram dry soil in T0 to 5.86 log 10 237 per gram dry soil in T2, showing that the nosZ denitrifying bacterial community abundance 238 changed significantly throughout primary succession (Fig. 2) . The nosZ gene abundance was 239 negatively correlated with soil pH and positively correlated with available soil potassium (P < 240 0.05) (Fig. 3) .
241
The diversity of the nosZ denitrifying bacterial community varied significantly among the 242 four different successional stages (P < 0.05) ( 
247
Pearson´s correlation analysis revealed that Shannon-Weiner index (H) was significantly 248 linked to soil AP (P < 0.01) and AK (P < 0.05), while richness (S) was positively correlated with 249 AP, AK, and PDA (P < 0.05) and evenness(Eh) was negatively correlated with soil pH (P < 0.01) 250 (Table 4) . the abundance of nosZ gene was significantly correlated with PDA (P <0.01) richness 251 (S) (P <0.01)and AK (P <0.05). 252 The nosZ denitrifying bacterial community composition in different successional 253 stages 254 In the nosZ gene T-RFLP analysis, the dominant T-RFs were not significantly affected by 255 the composition of the nosZ denitrifying bacterial community; however, some minor T-RFs were 256 impacted (Fig. 3) . In the T0 stage, 20-and 25-bp T-RFs were dominant nosZ T-RFs, with 257 relative abundances of 62.6 and 10.5%, respectively. At T1, 15-, 20-, and 25-bp T-RFs 258 dominated, with relative abundances of 22.8, 43.4, and 10.6%, respectively. In the site T2, 10-, 259 15-, and 20-bp T-RFs were most abundant, with relative abundances of 10.7, 41.7, and 24.7%, 260 respectively. In the site T3, the dominant nosZ T-RFs had 15 and 20 bps, with relative 261 abundances of 55.2 and 12.3%, respectively. Across all successional stages, the 40-bp T-RFs was 262 present, with a relative abundance of 2.2-2.6%. All sites also showed specific minor nosZ T-RFs. 263 For example, the 50-bp T-RFs were found in the sites T0, T1, and T2, and their relative 264 abundances gradually decreased over time. The 45-and 70-bp T-RFs were found at the site T1, 265 while 55-and 95-bp T-FRs were present in the successional stages T2 and T3. At the sites T0 266 and T1, the 90-bp T-RFs were dominant. Redundancy analysis (RDA) showed that denitrifying 267 bacterial communities in the different successional stages formed separate clusters, expect for the 268 sites T0 and T1 (Fig. 4) .
269
In the in-silico T-RFLP analysis of the nosZ sequences obtained in this study and from the 270 NCBI database, the nosZ-denitrifying bacterial community in the clone library was generally 271 similar to those detected in the actual T-RFLP. The dominant 15-bp T-RF was consistent with 272 the T-RFs of Brachybacterium, the 20-bp T-RF was consistent with Mesorhizobium, and the T-273 RFs with 25, 40, 50, and 55 bp were consistent with Azospirillum, Sulfuritalea, Pseudomonas, 274 and Nitrospirillum, respectively (Fig. 3) . 275 Redundancy analysis of nosZ denitrifying bacterial community composition and 276 soil properties 277 The relationships between soil properties and nosZ denitrifying bacterial community were 278 analyzed via redundancy analysis (RDA). Based on the RDA pattern, the nosZ denitrifying 279 bacterial communities from the soils of the four different successional stages could be partitioned 280 into four separate groups (Fig. 4) , indicating that the nosZ denitrifying bacterial communities 281 from these four different soils related to primary succession were significantly different (P < 282 0.05). The RDA results further confirmed that the nosZ denitrifying bacterial community 283 composition in the young soils (0-20 years) differed from that in the older sites (40-60 years). 284 Among the measured soil properties, soil AP and AK appeared to be the major factors in 285 determining the nosZ denitrifying bacterial community composition during primary succession 286 of the Hailuogou Glacier (P < 0.01). Soil nosZ denitrifying bacterial community variance was 287 also significantly linked to soil pH and PDA (P < 0.05). (Püschel et al., 2007) , leading to decreased soil nutrient 310 levels. In addition, loss through runoff may also lead to a decrease in soil nutrients. Soil pH is an 311 important indicator reflecting soil quality, and its value indicates the degree of acidity and 312 alkalinity of the soil and its effect on the survival of plants and animals (Li et al., 2017) . In this 313 study, soil pH decreased in the course of succession, which was not in line with some previous 314 studies that found no correlation between soil pH and the distance from the glacier (Zeng et Potential denitrifying activity is significantly affected by a variety of environmental factors 318 such as plant species richness, soil moisture, soil carbon, and soil nitrogen (Leloup et al., 2018) . 319 Zeng et al. have indicated that soil carbon is the key factor affecting soil potential denitrifying 320 activity. Besides, soil pH, available phosphorus, and available potassium also significantly 321 influenced soil activity such as urease, deaminase, and protease activities; these soil enzyme 322 activities were grouped together for newly exposed soils on young moraines (0-5 years), while 323 older soils (17-44 years) were well-separated from each other (Zeng et al., 2015) . In another 324 study, soil potential denitrifying activity gradually increased with the succession of salt 325 marshland and reached the peak in the middle of the succession period. Soil potential 326 denitrifying activity was negatively correlated with soil pH and positively correlated with soil 327 organic carbon, nitrate, and soil moisture (Salles et al., 2017) . Similarly, in our study, soil 328 potential denitrifying activity gradually increased and peaked in T2. The variation in soil 329 parameters such as plant litter, soil microbial activity, and plant species could lead to an increase 330 in PDA (Zeng et al., 2015) . Plant litter decomposition increases soil organic carbon levels, 331 thereby facilitating soil microbial growth and survival and increasing soil metabolism and 332 enzyme activity (Ponge et al., 2003) . In addition, a rich vegetation cover also positively affects 333 the activity of denitrifying enzymes (Means et al., 2017) Henry et al., 2006) . Similarly, in our study, nosZ gene abundance reached 345 the peak at T2 and subsequently decreased. Soil formation and the accumulation of soil nutrients, 346 processes which occur in primary succession, provide a stable micro-habitat for soil 347 microorganisms. Plant species, richness, and litter also lead to variations in soil microbial 348 community dynamics and abundance (Zhang et al., 2017) .
349
Previous studies have revealed that the abundance of functional genes differed among 350 different ecosystems. For example, the high soil pH of salt marshes is the most important factor 351 limiting microbial growth, and nosZ gene abundance was more or less constant throughout the 352 succession of such ecosystems (Salles et al., 2017) . In forest ecosystems, plant species and plant 353 litter are abundant, facilitating the survival and growth of soil microorganisms, and the 354 functional genes gradually increased throughout succession (Meng et al., 2017 360 We hypothesized that the variation in the composition of the nosZ denitrifying bacterial 361 community would strongly correlate with the successional stage. Although we did find that the 362 soils from the different sites, representing different successional stages, hosted distinct 363 denitrifying bacterial communities, this hypothesis was not clearly supported. Based on the 364 terminal restriction fragments (T-RFs), the microbial communities of the sites T0 and T1 stages 365 were similar and differed from those of the sites T2 and T3. In addition, more minor T-RFs 366 differed between the four successional stages, with each stage having its specific T-RFs. This 367 leads us to infer that the communities were relatively stable in the early stages of primary 368 succession, and only minor T-RFs contributed to the structural differences. Similar results have 369 been found in previous studies, suggesting that successional patterns of the compositions and 370 abundances of different denitrifying bacteria provide evidence that different denitrifying 371 bacterial communities develop in the course of primary succession. The relative abundance of 372 the denitrifying bacterial community increased with the development of the newly formed soils, 373 but significant differences were recorded only for older sites (Sigler et al., 2002; Kandeler et al.,  374 2006) . The minor T-RFs contributed to the community structural differences that were tested in 375 different ecological systems, and Baldrian et al. (2013) and Gu et al. (2017) indicated that the 376 core denitrifying bacteria may not be sensitive to wetland degradation, whereas some minor 377 denitrifying bacteria were sensitive to primary succession (environmental changes).
378
Ollivier et al. (2011) have indicated that N cycling processes start from diazotrophs at the 379 initial succession sites of the glacier retreat areas, which can directly transform N 2 into 380 ammonium which is sufficient to activate the nitrification process and further influence 381 denitrification. Our findings show that denitrification processes were initiated in the T0 site, 382 representing the starting point of primary succession, as evidenced by the predominance of 383 Mesorhizobium in the early stages (0 and 20 years); this genus has a strong nitrogen fixation 384 ability and promotes plant growth (Velez et al., 2017) . At the T2 site, Brachybacterium was the 385 dominant genus, with a high nitrogen fixation and denitrification capacity; it mostly grows in 386 acidic-neutral soil (Saeki et al., 2017) . Pseudomonas was found in the three sites T0, T1, and T2; 387 it has the ability to degrade cellulose, produce amylase, and dissolve calcium phosphate, and 388 based on its antibacterial properties, it has a certain certain inhibitory effect on soil diseases 389 (Meyer et al., 2017; Ramette et al., 2006; Almario et al., 2014) . Sulfuritalea was stable 390 throughout succession; it is a facultative anaerobic bacterial genus that is autotrophic under 391 denitrification conditions and still abundant in low-oxygen nitrate-free environments (Watanabe 392 et al., 2017). In our study, those common nosZ denitrifying bacterial taxa were highly adapted to 393 the environmental conditions. The minor T-RFs differed among the four stages, and 45-and 70-394 bp T-RFs were mainly found in the T1 site. Nitrospirillum and 95-bp T-RFs were found in T2 395 and T3, while the 90-bp T-RF was specific for the T0 and T1 sites. Those specific T-RFs were 396 sensitive to any changes in the course of primary succession, and the denitrification mechanism 397 of those specific T-RFs in the primary succession of glacier retreat areas deserves further 398 investigation. 399 Relationships between nosZ denitrifying bacterial communities and soil 400 properties 401 Environmental factors can significantly affect both the denitrification process and the 402 functional genes involved in this microbially mediated pathway, and factors such as carbon 403 substrate availability, moisture, pH, and other edaphic nutrients play crucial roles (Wallenstein et 404 al., 2006) . A previous study has shown that organic carbon is the limiting factor in microbial 405 processes and activities in the early successional stages without vegetation cover, and carbon 406 accumulation affects the availability of soil nitrogen (Wardle et al., 2004) , in this sense, soil Details of the sampling sites within the Hailuogou Glacier retreat area.
Note: Horizontal distance refers to the distance from the glacier. Note.
Horizontal distance refers to the distance from the glacier. 
Note.
Values represent mean ± standard error (n = 5). Values within the same column followed by the same letter do not differ at P < 0.05. SOC: soil organic carbon; TN: total nitrogen; AP: available phosphorus; AK: available potassium. PDA: Potential denitrifying activity.
Table 3(on next page)
The nosZ gene diversity along successional stages Note: Values represent mean ± standard error (n = 5). Values within the same column followed by the same letter do not differ at P < 0.05. 
Note.
Values represent mean ± standard error (n = 5). Values within the same column followed by the same letter do not differ at P < 0.05. PDA   T0  T1  T2  T3 
